A single novel enzyme, glyoxalase III, which catalyses the conversion of methylglyoxal into D-lactate without involvement of GSH, has been detected in and purified from Escherichia coli. Of several carbonyl compounds tested, only the a-ketoaldehydes methylglyoxal and phenylglyoxal were found to be substrates for this enzyme. Glyoxalase III is active over a wide range of pH with no sharp pH optimum. In its native form it has an Mr of
INTRODUCTION
The glyoxalase pathway for the conversion of a-ketoaldehydes into the corresponding hydroxy acids has been recognized since 1913 (for a review see [1] ). Glyoxalase I (EC 4.4.1.5) acts on methylglyoxal and GSH with the resultant formation of the thioester S-D-lactoylglutathione. Glyoxalase II (EC 3.1.2.6) hydrolyses the thioester to D-lactate and liberates GSH [2] . The glyoxalase enzyme system is widely distributed throughout the biological world. Glyoxalase I has been extensively studied and has been purified and characterized from mammals, bacteria, yeast and other organisms. Glyoxalase II has also been detected in various organisms and purified and characterized from several sources [1] .
Glyoxalase I has been purified to apparent homogeneity from the bacterium Pseudomonas putida [3] . Although this enzyme was detected many years ago in Escherichia coli, it has not been purified and studied in detail [4] . While attempting to purify glyoxalase I from E. coli, we have detected a single novel enzyme that catalyses the conversion of methylglyoxal directly into Dlactate without the need for exogenous GSH. This new enzyme, hereinafter referred to as glyoxalase III, apparently has unique characteristics, because, as mentioned above, in all the organisms studies so far, the conversion of methylglyoxal into D-lactate requires the obligatory presence of the two separate enzymes glyoxalase I and II and also exogenous GSH.
MATERIALS AND METHODS
ChemicalsAll biochemicals, enzymes and p-hydroxymercuribenzoate (pHMB)-agarose were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A. Sephadex G-100 and DEAE-Sephacell were products of Pharmacia Fine Chemicals, Uppsala, Sweden. Centricon-30 membrane filter was from Amicon, Beverley, MA, U.S.A. All other chemicals were of analytical grade and obtained from local manufacturers.
Glutathione analogues, which are inhibitors of glyoxalase I, do not inhibit glyoxalase III. Glyoxalase III is found to be sensitive to thiol-blocking reagents. The p-hydroxymercuribenzoate-inactivated enzyme could be almost completely re-activated by dithiothreitol and other thiol-group-containing compounds, indicating the possible involvement of thiol group(s) at or near the active site of the enzyme.
Growth of E. coli in liquid culture medium Wild-type E. coli K12 was obtained from Dr. Subhabrata Sengupta of the Indian Institute of Chemical Biology, Calcutta, India. Unless otherwise stated, the organism was grown in a complex liquid medium (medium A) containing 1 % peptone, 0.4 % yeast extract, 0.1 0% glucose and 0.5 % NaCl, and the pH was finally adjusted to 7.2 with dilute NaOH. The cells were harvested after 17 h by centrifugation and washed twice with 0.900 NaCl. The cell pellets were used for purification of the enzyme and other studies.
For the study ofthe relative activities of the enzymes glyoxalase I, II and III, cells were also grown in medium B (1 % peptone, 0.3 % beef extract and 0.90 NaCl, pH adjusted to 7.2 with NaOH) and Medium C (0.3 % KH2PO4, 0.6 % Na2HP04, 0.2 % NH4C1, 0.5 % NaCl, 0.8 % glucose and 0.01 % MgSO4,7 H20).
Determination of metabolites and assay of enzymes Methylglyoxal was determined either colorimetrically by using the 2,4-dinitrophenylhydrazine-alkali reaction or enzymically using glyoxalase I and GSH [5] . Other carbonyl compounds were assayed colorimetrically by the 2,4-dinitrophenylhydrazinealkali reaction similarly to methylglyoxal estimation. L-Lactate [6] and D-lactate [7] were measured enzymically using L-lactate dehydrogenase or D-lactate dehydrogenase respectively and NADI in glycine/hydrazine buffer, pH 9.0. GSH was assayed using methylglyoxal and glyoxalase I [8] . Protein was estimated by either the method of Lowry et al. [9] or that of Warburg and Christian as outlined by Layne [10] . Non-denaturing PAGE and SDS/PAGE were performed by the methods of Davis [1 1] and Laemmli [12] respectively. Glyoxalase I was assayed by following the increase in A240 due to S-D-lactoylglutathione formation [13] . Glyoxalase II was assayed by monitoring the decrease in A240 [14] . Glyoxalase III was assayed by monitoring either the utilization of methylglyoxal or the formation of D-lactate. Unless stated otherwise, the assay medium contained, in a total volume of 1 Tubes containing, in a total volume of 1 ml, 50 ,umol of sodium phosphate buffer, pH 8.0, 0.017 unit of purified glyoxalase III, 1 ,tmol of methylglyoxal and 1 ,tmol of GSH (where indicated) were incubated at 37°C for different periods of time. Two sets of control tubes were included which contained all the above components except that one contained boiled enzyme and the other no enzyme at all. After a specified time, 50 ,1 from each tube was added to 2,4-dinitrophenylhydrazine/alkali solution for estimation of the remaining methylglyoxal. To the rest of the reaction mixture was added 50 ,tl of 60 % (v/v) perchloric acid to stop the reaction; the mixture was then centrifuged. The supernatant was neutralized, adjusted to pH 7.2 with K2CO3 and centrifuged again. The second supernatant from each tube was used for D-lactate determination.
Puriication of the enzyme A 25 g portion of E. coli cell pellet was ground with a mortar and pestle with 40 g of sand. The ground paste was suspended in 150 ml of 25 mM sodium phosphate buffer, pH 7.4. The suspension was centrifuged at 15000 g for 15 min and the supernatant saved. The pellet was washed once more with 60 ml of 25 mM sodium phosphate buffer, pH 7.4, and centrifuged as above. The pellet was rejected and the supernatant was combined with the first supernatant.
To 200 ml of the above combined supernatant was added 70 g of solid (NH4)2S04 with constant stirring. After 10 min of standing, it was centrifuged for 15 min at 15 000 g; the pellet was rejected. To the supernatant was now added 44 g of solid (NH4)2SO4, and after 10 min it was centrifuged at 40000 g for 40 min. During this and in all subsequent (NH4)2SO4-precipitation steps, the pH of the enzyme suspension was maintained at 7.6 by dropwise addition of NH40H. The supernatant was rejected, and the pellet was dissolved in a minimum volume of 25 mM sodium phosphate buffer, pH 7.4, containing 1 mM dithiothreitol (DTT) and heated at 63°C for 1 min and rapidly cooled. The denatured protein was removed by centrifugation at 10000 g for 10 min, and to the supernatant was added solid sucrose to a final concentration of 100%. The enzyme solution was dialysed for 5 h against 25 mM sodium phosphate buffer, pH 7.4, containing 1 mM DTT and 10 % sucrose (buffer A). To 15 ml of the above dialysate was added 5.25 g of solid (NH4)2SO4 with constant stirring. After 10 min of standing, it was centrifuged for 15 min at 15 000 g; the pellet was rejected. To the supernatant was added 3.3 g of solid (NH4)2SO4 with constant stirring. After 10 min of standing, the mixture was centrifuged at 40000 g for 40 min. The supernatant was rejected, and the precipitate was dissolved in a minimum volume of buffer A and applied to a Sephadex G-100 column (98 cm x 1.6 cm) previously equilibrated with the same buffer. The most active fractions from this step were pooled and treated with solid (NH4)2SO4 (0-900% saturation) and centrifuged at 40000 g for 40 min. Again the supernatant was rejected and the precipitate was dissolved in a minimum volume of buffer A and applied to a Sephadex G-100 column as before. The most active fractions were pooled. The enzyme solution was equilibrated with 25 mM Hepes buffer, pH 7.4, containing 1 mM DTT and 10 % sucrose (buffer B) and concentrated to 2 ml by ultrafiltration through a Centricon-30 filter.
The concentrated enzyme solution was applied to a DEAESephacell column (10 cm x 0.6 cm) previously equilibrated with buffer B. The enzyme was adsorbed to the column. The column was successively washed with 20 ml each of buffer B containing no NaCl or 150, 200 or 225 mM NaCl. The enzyme was eluted with buffer B containing 225 mM NaCl. The most active fractions were pooled, equilibrated and concentrated with 25 mM Hepes buffer, pH 7.4, containing 5 % sucrose by passing them through a Centricon-30 membrane filter to remove DTT and NaCl. The DTT-free enzyme solution (1.0 ml) was applied to a pHMBagarose column (1O cm x 0.5 cm) previously equilibrated with 25 mM Hepes buffer, pH 7.4, containing 5 % sucrose. The flow rate was maintained at 3 ml/h. The column was washed successively with 10 ml each of 25 mM Hepes buffer, pH 7.4, containing 5 % sucrose, 25 mM Hepes buffer, pH 7.4, containing 5 % sucrose and 1 mM DTT, and 25 mM Hepes buffer containing 5 % sucrose and 5 mM DTT. The enzyme was eluted with the buffer containing 5 mM DTT. The contents of two or three tubes containing glyoxalase III activity were combined.
RESULTS
The procedure for the purification of glyoxalase III as described above could be conveniently reproduced with different batches of E. coli cells. The enzyme fraction after the pHMB-agarose step was purified almost 725-fold over the crude extract (Table 1) .
Non-denaturing PAGE of the enzyme after the final purification step usually indicated a major band of protein (Figure 1 ). Occasionally, one or two minor bands (approximately 2-5 % of the major band) were present. However, SDS/PAGE of the purified enzyme always produced a single band (Figure 1) .
The enzyme requires DTT and either sucrose or mannitol for stability and is almost completely stable for 1 week when stored at -15°C with I mM DTT and 10 % sucrose.
Because glyoxalase I and II convert methylglyoxal into Dlactate in a sequential manner, we carefully examined whether purified glyoxalase III could catalyse the conversion of methylglyoxal into S-D-lactoylglutathione in the presence of GSH or S-D-lactoylglutathione into D-lactate.
Formation of S-D-lactoylglutathione was monitored by adding 0.32 ,ug of purified protein (0.042 unit of glyoxalase III activity) to a total volume of I ml containing 100 ,mol of sodium phosphate buffer, pH 6.6, and I ,tmol each of methylglyoxal and GSH. The mixture was assayed for the formation of S-Dlactoylglutathione by monitoring A240. No increase in A240 was observed. However, when 0.011 unit of purified glyoxalase I (yeast; Sigma) was added to the assay mixture, a rapid increase in A240 was noted (Figure 2 ).
For measurement of the formation of D-lactate from S-Dlactoylglutathione, a similar amount of protein containing a similar amount of glyoxalase III activity as described above was added to a total volume of 1 ml containing 100 /tmol of sodium phosphate buffer, pH 6.6, and 0.16,tmol of S-D-lactoylglutathione, and the A240 was monitored. No decrease in A240 was detected, but when 0.008 unit of purified glyoxalase II (bovine liver; Sigma) was added, a gradual decrease in A240 was observed (Figure 2 glyoxalase III by purified D-lactate dehydrogenase and NAD+. L-Lactate dehydrogenase produced no oxidation of the reaction product. Purified glyoxalase III (0.025 unit) was added to a final volume of 1 ml containing 50 ,umol of sodium phosphate buffer, pH 8.0, and I ,umol of methylglyoxal. The reaction was allowed to utilize all of the methylglyoxal. After completion of the reaction, the enzyme was inactivated by the addition of perchloric acid, and the concentration of the reaction product was determined. An equimolar relationship was found to exist between methylglyoxal utilization and D-lactate formation (Figure 3) . The reaction could be taken to completion at various concentrations of methylglyoxal and pH values. In both control tubes, there was no utilization of methylglyoxal or formation of Dlactate.
Because GSH is required for the conversion of methylglyoxal into D-lactate by the sequential involvement of glyoxalase I and II, we examined whether GSH has any effect on glyoxalase III. GSH clearly has no effect ( Figure 3) . It is almost obvious that the enzyme preparation is completely free of GSH contamination after the final purification step, but this was confirmed by tests with methylglyoxal and glyoxalase I [8] .
To discover whether glyoxalase III catalyses the reverse reaction, I ,umol of D-lactate was incubated in a total volume of 1 ml containing 50 #tmol of sodium pyrophosphate/HCI buffer (pH 9.0), sodium phosphate buffer (pH 7.0) or citrate/phosphate buffer (pH 5.0) and 0.05-0.12 unit of glyoxalase IIM. After I h of incubation at 37°C, no methylglyoxal was detected in any of the above incubation mixtures, indicating that glyoxalase III apparently does not catalyse the reverse reaction.
Optimum pH
Glyoxalase III was found to be active over a wide range of pH. In phosphate and imidazole buffers, the rate of reaction was almost the same over the pH range 6.0-8.0. A sharp decrease in reaction rate was observed below pH 5.0, measured in citrate/ phosphate buffer. Above pH 8.0, we assayed the enzyme in boric acid/sodium borate and Na2CO3/NaHCO2 buffer up to pH 10.5. No sharp pH optimum was detected, although the rate at pH 10.0 was 20-25 % lower than the rate at physiological pH. Boric acid/borate buffer was found to be moderately inhibitory. Substrate specfflcity Several carbonyl compounds (methylglyoxal, phenylglyoxal, acetaldehyde, glyceraldehyde, benzaldehyde, pyruvate and acetol) were tested as possible substrates for glyoxalase III by estimating the amount of compound remaining in the incubation medium after reaction. Only methylglyoxal and phenylglyoxal were found to be utilized by the enzyme. The rate with phenylglyoxal was only about 15 % of that with methylglyoxal.
Determination of Mr and subunits
Gel filtration on a Sephadex G-100 column using aldolase (150000), BSA (66000), ovalbumin (45000), chymotrypsinogen A (25 000) and cytochrome c (13 000) as marker proteins indicated the Mr of glyoxalase III to be 82000 + 2000. The void volume was determined using Blue Dextran.
The native enzyme was found to contain two subunits of equal Mr (40000) as determined by SDS/PAGE using carbonic anhydrase (30000), ovalbumin (45000), BSA (66000) and phosphorylase b (97000) as marker proteins.
Inhibitor studies Several GSH analogues are strong inhibitors of glyoxalase I [15, 16] . We tested the effect of these S-alkylglutathiones on the reaction catalysed by glyoxalase III. S-Methylglutathione and Soctylglutathione, even at concentrations of 20 mM and 250 ,uM respectively, were found to have no inhibitory effect on E. coli glyoxalase III. However, these two compounds at concentrations of 10 mM and 80,tM respectively, and even lower produced strong inhibition (80 %) of yeast glyoxalase I, which agrees well with previous reports [15, 16] .
Involvement of thiol group(s) E. coli glyoxalase III was found to be sensitive to thiol-blocking reagents. The purified enzyme was completely inactivated by 15 min incubation with 0.4 mM pHMB. Other thiol-blocking reagents, 5,5'-dithiobis-(2-nitrobenzoate) (DTNB) and N-ethylmaleimide (NEM), produced similar results. When attempts were made to re-activate pHMB-or DTNB-inactivated enzyme, DTT (5 mM) was found to restore enzyme activity to almost 100%. Other thiol-containing compounds such as 2-mercaptoethanol and GSH can also re-activate the enzyme ( Table 2) .
Activity of glyoxalase III in E. coli cells grown in different media We assayed glyoxalase III activity in crude extracts of E. coli cells grown in the three different media, A, B and C, described in the Materials and methods section. Glyoxalase III activity was present in all three media in almost equal amounts ranging from 0.033 to 0.054 unit/mg of protein, whereas glyoxalase I activity was present in only the cells grown in medium B. This glyoxalase I activity (0.0005 unit) was about 70-100 times lower than that of glyoxalase III. Glyoxalase II activity was not detected in cells grown in any of the three media.
DISCUSSION
The results presented in this paper clearly indicate the presence of the novel enzyme glyoxalase III in E. coli. The ubiquitous glyoxalase enzyme system was first detected more than 80 years ago [1] . In the meantime, several other methylglyoxalcatabolysing enzymes have been detected, purified and characterized from various sources [17] [18] [19] [20] [21] , but glyoxalase III has evaded detection for all these years.
Various studies have indicated the presence of glyoxalase I and II in E. coli [22] [23] [24] [25] . However, in one such study, the formation of D-lactate from methylglyoxal by intact E. coli cells has been taken as an indication of the presence of these two enzymes [22] . In the other studies, although significant GSH-dependent methylglyoxal utilization was observed, these E. coli strains were methylglyoxal-resistant [23] alkaline phosphatase-depleted variants [24] . Significant GSH-independent methylglyoxal utilization has also been observed [23] . Moreover, the growth media for the different studies were different in composition. Our studies indicated that glyoxalase III is present and fairly active in E. coli cells grown in three different media, whereas glyoxalase I has been found to be present only in cells grown in medium B.
The Mr (82000) of E. coli glyoxalase III is also quite different from those of glyoxalase I (20000-48000) and 11 (18000-29 500) purified from different sources [1] . The Mr of E. coli glyoxalase I has been found to be 34000 [25] .
The present paper has to a limited extent attempted to understand the catalytic mechanism of glyoxalase III. Previous studies on the amino acid residues at the active site ofmammalian glyoxalase I indicated the presence of tyrosine, tryptophan and lysine [1] . Although in an earlier investigation yeast glyoxalase I was found to be inactivated by several thiol-blocking reagents [26] , later studies indicated the presence of an arginine residue [27] and not a thiol group [28] at the active site of the enzyme.
Our studies on the inactivation of glyoxalase III by various 
